Purpose Abnormalities in semen parameters are often associated with reduced fertility in males, and may, in part, be attributed to genetic variation. Aim of this study is to determine if genetic variants that were previously shown to be predictors of family size and birth rate in healthy men are also associated with sperm morphology in men recruited from an infertility laboratory. Methods Genetic associations with sperm morphology phenotypes in 126 ethnically diverse men from Chicago at 41 independent loci, previously shown to be predictors of family size and birth rate in healthy men, were tested. Results Two intronic SNPs, rs680730 (in DSCAML1 ) and rs10129954 (in DPF3), were associated with the percent of normal sperm morphology in Chicago men (P =0.017 and 0.023, respectively). Furthermore, both loci were associated with increased occurrence of sperm head defects. Conclusions SNPs in two genes, both of which have roles in nervous system development, were associated with poor sperm morphology. These results may be helpful in identification of other novel genes and biological pathways whose proper functioning is crucial for sperm production and male reproductive processes.
Introduction
Approximately 1 in 8 couples in the western world is not able to conceive spontaneously within 1 year of unprotected intercourse. In nearly half of these couples, one or more semen parameters from the male are within WHO thresholds indicating subfertility [1] [2] [3] . Monogenic disorders (e.g., cystic fibrosis [CF], Kallman syndrome), cytogenetic abnormalities (e.g., Klinefelter syndrome [47,XXY]), and Y-chromosome deletions account for approximately 30 % of cases [4] . The etiology of the remaining male infertility (or subfertility) cases remains largely unknown. However, it is suggested that aberrations in many as yet unidentified genes may be responsible for large proportion of reproductive abnormalities, as the key steps in reproductive development, such as sperm production, require coordinated action of thousands of gene products. Supporting this hypothesis, previous studies in mouse models identified hundreds of genes, for which knock out animals display wide range of defects in reproductive processes, resulting in infertility or subfertility [5] . In contrast to studies in animal models, definitive identification of such genes in humans has proven challenging [1] [2] [3] [4] [5] , and novel discovery strategies are required to fully characterize the genetic architecture of human fertility and infertility.
We previously performed a genome-wide association study (GWAS) of two reproductive phenotypes in 269 married men from a founder population of European descent, the Hutterites, who traditionally proscribes contraception and uniformly desires large families [6] . Forty-one independent genomic regions that were associated with either family size or birth rate in the Hutterite men were considered candidate loci and taken forward to a validation study of sperm count and/or motility in 123 ethnically diverse men from Chicago. We validated associations between nine loci and one or more of these measures. Here, we extend those validation studies to include the effects of these candidate single nucleotide polymorphisms (SNPs) on sperm morphology in the same sample of men from Chicago. We report associations between morphology and SNPs located in the introns of two genes, DPF3 and DSCAML1. Our observations further contribute to our understanding of the genetic basis of sperm development and male reproductive processes.
Materials and methods

Sample composition
The Chicago validation sample included 126 men who had undergone semen analyses at the University of Illinois at Chicago's (UIC) Andrology Laboratory under IRB approval. All samples were de-identified, with only the subject's age, ethnicity and results of semen analysis recorded. The ethnic composition of the sample was 57.1 % (n =72) Hispanic, 26.2 % (n =33) African American, 9.5 % (n =12) Middle Eastern, 4.8 % (n =6) individuals of European ancestry, and 2.4 % (n =3) Asian as described previously [6] . The reasons for referral for semen analysis were not known, although it is likely that most were due to infertility.
Out of 126 men, 71 (56.4 %) were normozoospermic, whereas 24 (19.0 %) had asthenozoospermia, 30 (23.8 %) had oligoasthenozoospermia and 1 (0.8 %) had oligozoospermia. Four men (three Hispanic, one African American) were diagnosed with severe oligo-asthenozoospermia, with sperm concentration ranging between 0.6 and 3.2 million/ml, and sperm motility ranging between 0 and 27 %; and morphological evaluation could not be completed. Consequently, the final sample size included in these studies was 122.
Sperm morphology evaluation and parameters
Semen samples, obtained at the laboratory site after 3-4 days of sexual abstinence, were allowed to liquefy at room temperature, and then analyzed within 1 h of sample collection. The same technologist performed all semen analyses with morphology results confirmed in a blinded manner by a second technologist. When discrepancies arose, the morphology slides were re-reviewed with the laboratory director (G.S.P.) and a mutual decision was reached. Samples were prepared by dehydration, fixation and PAP staining, and sperm morphology was evaluated according to Kruger strict criteria [7] . Results are reported as the percent of sperm displaying normal morphology, which we used as a continuous variable in our analyses. We also considered a categorical variable of sperm morphology, with men having sperm with ≤4 % normal morphology classified as "abnormal" (teratozoospermia, n =43; 34.4 %), 5-6 % normal morphology as "low-normal" (n =18; 14.4 %), and ≥7 % normal morphology as "normal" (n =60; 48.0 %; Fig. 1 ). For analyses of those data, we included only the two extreme groups ("abnormal" and "normal") and excluded the intermediate group as measures of sperm morphology are subjective and subject to technician bias [8] .
In addition to WHO fifth edition morphology [9] , specific morphologic abnormalities were noted as percentage of sperm displaying the given defect. These included (i) head defects (percent of acrosome deficient, amorphous, large, amorphous large, double, tapering, pyriform, and vacuolated head), (ii) neck and midpiece defects, (iii) cytoplasmic defects and (iv) tail defects (percent of coiled and multiple tail) [10] . The frequencies of these defects in our sample are shown in Supplementary Table 1. All these traits were analyzed as continuous variables.
Genotyping and statistical analyses DNA was obtained from the sperm samples at the University of Chicago after semen analyses were completed at the UIC, [6] .
To ensure that the heterogeneous ethnic composition of this sample did not cause spurious associations, ethnicity of the patient was included as a covariate in linear regression models for each of the sperm morphology parameters. Ethnicity was not a significant predictor of any of the phenotypes. The effects of age of the patient on each phenotype was also tested; but it also did not differ between men with abnormal, low normal and normal morphology (mean age 35.7, 35.6 and 34.7, respectively). Therefore, neither ethnicity nor age was considered further in the analyses. In order to minimize the deviation of the continuous traits from the normal distribution, we used square-root or log-transformed values as appropriate.
We used a regression-based model to test for association between each of the 41 validation SNPs and morphology parameters, requiring that the model being tested (additive, recessive or dominant) and the direction of the effect for a given allele (increased or decreased fertility) were consistent with the initial association observed in the Hutterites [6] . For continuous variables, we used a one-sided linear regression test; for categorical classification, we used a one-sided logistic regression test. We assessed significance by permutation, in which the genotypes for 41 SNPs were considered together and randomly permuted 10,000 times between individuals, retaining the correlation between phenotypes. Empirical Pvalues were then calculated from this data as the proportion of permuted test statistics (t-or z-values, as appropriate) that were greater than the observed test statistic. This approach has the advantage of retaining correlations between both phenotypes and genotypes in our data, and also minimizes the effects of any skewing from the normal distribution on the P -values. All statistical analyses were conducted with R statistical software [11] .
Results
SNPs at two of the 41 candidate loci that were previously associated with reduced fertility in Hutterite men [6] were associated with abnormalities in sperm morphology in the Chicago men at P <0.05 (Table 1 ). The TT genotype at rs10129954 was previously associated with smaller family sizes in the Hutterite men (Fig. 2a, modified from Kosova et al. [6] ); here the TT genotype was associated with reduced percentage of normal sperm morphology in the Chicago men. The mean percentage of morphologically normal sperm was 7.21 % with a standard error (SE) of 1.03 in TT men compared to 10.0 % (SE Fig. 2b ). The second association was with rs680730. In the Hutterite men, increasing copies of the C allele were previously associated in an additive manner with increasingly lower birth rates (Fig. 2e , modified from Kosova et al. [6] ). A similar additive pattern was observed in the Chicago men. The mean percentage of normal sperm morphology increased from 7.77 % (SE 1.03) in CC men, to 8.80 % (SE 0.96) in CT men, and to 13.58 % (SE 2.06) in TT men (P =0.017, Fig. 2f ). The C allele at this SNP was also associated with abnormal sperm morphology when tested as a binary variable. 50 % of men with the CC genotype at this SNP were classified as teratozoospermic. This fraction decreased to 37 % in the CT heterozygotes, and to 25 % in the TT homozygotes (P =0.036, Fig. 2g ). The observed trend at both associated loci remained similar when the analyses were repeated in Hispanic men only, although associations were less significant due to the smaller sample size (n =72). For example, the mean percentage of normal sperm morphology in Hispanic men with TT genotype at rs10129954 was 7.68 % (SE 1.27), compared to 8.20 % (SE 3.32) and 10.97 % (SE 1.36) in men with CC and CT genotype at the same locus, respectively. Likewise, mean percentage of normal sperm morphology increased with each additional T allele at rs680730 locus, changing from 7.78 % (SE 1.22) for CC genotype, to 10.16 % (SE 1.48) and 12.71 % (SE 2.81) for CT and TT genotypes, respectively.
This indicates that our findings cannot be attributed to genetic stratification or ethnic heterogeneity. Fig. 2 Effects of the associated SNPs, rs10129954 (a-d) and rs680730 (e-h), on fertility measures in Hutterite men (from Kosova et al. [6] ) and sperm morphology in Chicago sample. The boxplots show the first and third quartiles; the whiskers extend to the minimum and maximum values, excluding the outliers. Black horizontal lines show the median, and grey horizontal lines show the mean value within each genotype group. Column plots in panels d, g and h show the presence or absence of each abnormality in the Chicago sample, with the proportion of men is shown on the right y-axis. P-values correspond to the single-locus SNPspecific GWAS P-value in the Hutterite men [6] , and empirical P-values obtained after 10,000 permutations in the Chicago men. FS family size; BR birth rate Table 2 P-values based on 10,000 permutations for the associations between the two sperm morphology-associated SNPs, rs10129954 and rs680730, and specific morphologic defects To gain insight into the specific types of defects associated with these two SNPs, we further tested for associations with additional morphological abnormalities ( Table 2) . The first SNP, rs10129954, was associated with both increased occurrence of tapering head (P =0.040) and double head (P =0.006) anomalies, whereas the second SNP, rs680370, was associated with a large head abnormality (P <0.0001, Fig. 2c, d and h ). These results suggest that both SNPs and the genes in which they reside may play a role in sperm head development.
Discussion
Our study demonstrates that genetic variants previously associated with reproductive success in healthy, fertile men are also with gross sperm morphology and specific sperm head defects in an unrelated sample of ethnically diverse men. In this study, we validate associations with two SNPs, rs10129954, located in an intronic region of the DPF3 gene on chromosome 14, and rs680730, located in an intronic region of the DSCAML1 gene on chromosome 11, and gross sperm morphology. The effects of SNP rs10129954 (DPF3) fit a recessive model, in which homozygosity for the T allele, associated previously with decreased fertility in Hutterite men [6] , is now associated with reduced percentage of normal morphology in the ethnically diverse Chicago men (Fig. 2a-b) . In contrast, the effects of SNP rs680730 (DSCAML1) best fit an additive model, with each additional copy of the C allele associated with reduced reproductive measures (Fig. 2e-f) . The validation of associations that were initially observed in the Hutterites in ethnically diverse Chicago men suggests that our findings are robust to ethnic background, allele frequency differences or environment.
D4, zinc and double PHD finger 3 (DPF3) and down syndrome cell adhesion molecule-like 1 (DSCAML1) both could have a role in reproduction, although expression of neither gene has yet been examined in the testis. DPF3 was previously implicated as a key epigenetic factor in development that facilitates access of transcription factors to DNA through interaction with histones, specifically by binding acetylated and methylated H3 and H4 lysine residues [12] . Results of recent studies emphasize the key role of histone modification, such as that regulated through DPF3, in preparing mature sperm DNA for early embryogenesis [13, 14] . Evidence suggests that DSCAML1 is a key signaling factor balancing the intensity of adhesion forces necessary for normal neuronal cellular morphogenesis [15] .
We previously reported associations between each of these two SNPs and total motile count (rs10129954), beat frequency (rs10129954), and linearity (both SNPs). Prior studies correlated mature human sperm morphology with metrics of motility [16, 17] . In our data, percentage of normal morphology and total motile count are correlated (r 2 =0.26). The association of these SNPs with head defects could result in abnormal sperm shapes that reduce motility (Table 2) . Thus, the same underlying defects associated with these variants may result in both abnormal morphology and poor motility.
Finally, we note that the relatively small sample sizes in this study affect power, and as a result we may have missed other associations. For example, although other SNPs associated with reduced sperm count and motility parameters in our previous study [6] , such as rs7174015 (USP8) and rs724078 (MAS1L, UBD), also show a trend with reduced percentage of normal morphology, these associations were not statistically significant after correcting for multiple testing (Table 1) . Additional studies in larger cohorts are required to verify the effects of these variants on sperm parameters and function.
By conducting a large family-based study for gene discovery first, and validating findings in an independent sample of men undergoing semen analyses, we identified two candidate genes of sperm morphology for further investigation. This strategy addresses the limitations inherent in studying heterogenous conditions, such as male infertility, using a casecontrol design [3] and provides an unbiased method for the discovery of genes that influence male fertility.
